ABSTRACT With the rapidly increasing demand of data traffic in fifth-generation (5G) wireless systems, various sophisticated techniques have been developed to cope with the demand. New radio-unlicensed (NR-U) technology is one of the most promising techniques to address the exponential growth of data traffic. At the same time, NR base stations are densely deployed in 5G. Therefore, large numbers of NR-U base stations attempt to access the unlicensed spectrum. Although listen before talk (LBT) with random backoff can guarantee fairness, it can also increase the collision probability. For the IEEE 802.11 Wi-Fi networks, a contention-based random access protocol is adopted, which cannot guarantee the Quality of Service (QoS).
I. INTRODUCTION
Along with a dramatic increase in the number of mobile devices, there is a tremendous growth in data traffic. It is forecasted by Cisco that mobile data traffic will increase sevenfold from 2017 to 2022. By 2022, the monthly global mobile data traffic will be 77.5 exabytes [1] . The growth of mobile traffic in the next decade is over a thousand times [2] .
The associate editor coordinating the review of this manuscript and approving it for publication was Cunhua Pan. In order to satisfy this demand, new techniques have been developed for fifth generation (5G) wireless systems, such as massive multiple-input multiple-output (Massive MIMO), ultra dense networks (UDNs) and millimeter wave communication. Although these techniques can meet the data traffic demand to a certain extent, the scarcity of licensed bands remains a major bottleneck. Due to the need for more wireless spectrum, exploiting the unlicensed bands, such as the 2.4 GHz and 5.0 GHz bands, becomes a promising option in 5G.
Along with the standardization of New Radio (NR) in 5G, the 3rd generation partnership project (3GPP) has carried out the study on NR Unlicensed (NR-U) in Release 16 [3] . Five deployment scenarios for NR-U have been identified in the technical report of 3GPP:
• Scenario A: Carrier aggregation between licensed band NR and NR-U.
• Scenario B: Dual connectivity between licensed band long term evolution (LTE) and NR-U.
• Scenario C: Stand-alone NR-U.
• Scenario D: An NR cell with downlink (DL) in unlicensed band and uplink (UL) in licensed band.
• Scenario E: Dual connectivity between licensed band NR and NR-U. In the above deployment scenarios, Scenario A is similar to the licensed-assisted access (LAA) in LTE while scenario C resembles MulteFire [4] .
In order to meet the requirements of 5G, UDNs are regarded as one of the most promising techniques to improve the capacity [5] . With NR base stations densely deployed in 5G, more and more NR-U base stations attempt to access the unlicensed spectrum. Harmonious coexistence between NR-U base stations and WiFi nodes must be guaranteed in the unlicensed bands [6] . Not only the existing WiFi devices but also possible WiFi networks in future should not be influenced by the NR-U base stations. For the WiFi nodes, a contention-based random access protocol with noncooperative mechanism is adopted. In order not to impact the WiFi nodes, a 3GPP study showed that listen before talk (LBT) with random backoff can operate in unlicensed bands for NR-U [3] . Although, LBT with random backoff can guarantee the fair coexistence in UDNs, it can also increase the collision probability and lead to repeated backoffs of the NR-U base stations [7] . Because simultaneous transmission is not allowed under the LBT mechanism, the efficiency of the unlicensed bands is reduced.
The authors in [8] showed that cooperative communication can be used to avoid collision and increase probability of successful transmission. In cooperative communication, different NR-U base stations in the cooperating set can not only transmit the same data to increase date rate but can also transmit different data to reuse the bands [9] . Because of the significant effect of increasing the spectral efficiency, cooperative communication has been given more attention. As an example of cooperative communication, coordinated multipoint (CoMP) has been standardized as an essential technology of fourth generation (4G) mobile communications [10] . CoMP is expected to remain as an up-and-coming technology in 5G wireless communications [11] . With NR-U base stations cooperatively reusing the bands, channel occupancy time becomes shorter which gives more chance for other NR-U base stations and WiFi nodes to access the channel. Therefore, the spectral efficiency of the unlicensed bands can be significantly improved.
Cooperative mechanism is widely studied in the LAA/LTE-U system and can enable the coexistence of LTE and Wi-Fi in unlicensed bands [12] . The authors in [13] proposed an unlicensed spectrum inter cell interference coordination (usICIC) mechanism to improve the system performance. A coordination framework to facilitate dynamic spectrum management among multi-operator and multitechnology networks was proposed in [14] . Cooperation of LTE-U cells was studied in [15] using a coalition formation game framework which is based on the well known Shapley value. A new approach was developed in [16] to exploit D2D capabilities of mobile devices for cooperative channel allocation in contention-based environment. The existing literatures mainly focus on how to guarantee fair coexistence, mitigate interference and allocate resources by using the cooperative mechanism. But cooperative communication can also improve the data rate and spectral efficiency through joint transmission and cooperative reuse in the unlicensed bands.
In 5G, mobile users are primarily concerned about their own service experience, such as data rate, packet delay and loss, communication reliability and service continuity [17] . 3GPP defined three scenarios in 5G: enhanced mobile broadband (eMBB), ultra-reliable low latency communications (URLLC) and massive machine type communications (mMTC) [18] . Different scenarios have different quality indicators. For example, eMBB principally concerns the data rate, while URLLC mainly concerns the delay and reliability. Quality of service (QoS) has become an increasingly important indicator in 5G wireless systems [19] . However, unlike the NR system in licensed band which adopts a centralized medium access control (MAC) protocol, NR-U or WiFi employs a contention-based random access protocol, which makes it hard to guarantee QoS.
Considering the fact that NR-U users face low spectral efficiency and QoS guarantee problems, this paper designs a novel cooperative LBT protocol and investigates its effective capacity for 5G NR ultra dense networks in unlicensed spectrum. The main contributions of this paper can be summarized as follows: 1) A new LBT protocol is designed, in which cooperative communication among NR-U base stations is applied to avoid collision and improve the spectrum efficiency. 2) Based on the new protocol, a (N + 3)-state semiMarkovian model is established to characterize the cooperative network for 5G NR in unlicensed spectrum, where N is the number of NR-U base stations. An expression for the effective capacity is derived, which is affected by QoS, instantaneous transmission rate, and the number of WiFi nodes and NR-U base stations. 3) Lagrange dual decomposition is employed to maximize the effective capacity of NR-U of cooperative network under a limited backhaul capacity constraint. The optimal transmit power for each NR-U base station, and the optimal number of NR-U base stations in the cooperating set are derived. 
4) Monte
Carlo simulation is used to validate the accuracy of the theoretical analysis. The simulation results show that the designed new LBT protocol can reduce collisions and increase the transmission rate and, therefore, achieve a higher effective capacity. The remainder of this article is organized as follows. The system model is presented in Section II. In Section III, the effective capacity of the cooperative network for 5G NR in the unlicensed band is analyzed, where an expression for effective capacity is obtained. Section IV considers how to maximize the effective capacity under a limited backhaul capacity. Simulation results are presented in Section V, while Section VI provides some concluding remarks.
II. SYSTEM MODEL AND COOPERATIVE LBT DESIGN
In Fig. 1 , N NR-U base stations with single antenna and M WiFi nodes are considered within a clear channel assessment (CCA) area, where a node can sense whether the channel is idle or not. The NR-U base stations and WiFi nodes operate in the unlicensed spectrum with a bandwidth of W Hz. The N NR-U base stations are assumed to be under the same operator, so they can exchange information over the Xn interface 1 on the LBT procedure [21] . One important consideration for NR-U is to ensure fair coexistence with the incumbent systems in the unlicensed band such as WiFi, which have different MAC protocols.
For the WiFi nodes, the distributed coordination function (DCF) is employed, which is the default MAC protocol in IEEE 802.11. DCF uses a combination of carrier-sense multiple access with collision avoidance (CSMA/CA) and a binary exponential backoff (BEB) algorithm [22] . Before transmission, the WiFi node is requested to set a random backoff interval based on the contention window size, CW . A backoff interval is denoted by a random value (backoff time counter) which is uniformly distributed between [0, CW − 1]. The backoff time counter is decreased at every idle timeslot, while it is frozen when the channel is sensed busy and resumed 1 Xn interface is a new interface in 5G, which is similar to the X2 interface in LTE. The latency of Xn interface is much smaller than the X2 interface [20] .
when the channel turns to idle for the distributed inter-frame space (DIFS). The packet will be transmitted as soon as the backoff time counter becomes zero. If the WiFi user successfully receives the packet, an acknowledgment (ACK) frame will be sent back. After receiving the ACK frame, the WiFi node initializes the contention window size to the predefined minimum contention window, CW min . Conversely, if the WiFi node does not receive the ACK, the contention window size will be doubled, and the maximum number of retransmissions for each packet is V W .
A broad study of different coexistence mechanisms was summarized in 3GPP TR 36.889 [23] , which showed that LBT with random back-off and either a fixed contention window (FCW) size or a variable contention window (VCW) size can operate in unlicensed bands without impacting WiFi. The LBT procedure is defined as a mechanism by which a user applies a CCA check before using the channel. The CCA utilizes energy detection to determine the presence or absence of other signals on a channel, in order to determine if a channel is either occupied or clear, respectively. For a FCW, if the channel is clear over CCA, the NR-U base station sets a random backoff time counter within a fixed contention window which can be denoted by CW 0 . Unlike FCW, an exponentially increasing contention window is employed in VCW, which is similar to DCF. The maximum number of retransmissions for NR-U base station is V L .
A. PRINCIPLE OF COOPERATIVE LBT PROTOCOL
Although LBT can guarantee fair coexistence, the collision probability in UDNs is substantially increased so that the spectrum efficiency of the unlicensed band is lowered. To fully utilize the unlicensed bands, a new LBT protocol is designed, in which cooperative communication is used after the process of LBT. In the non-standalone network, NR-U base stations under the same CCA area can exchange information through the Xn interface. Therefore, the backoff status of different NR-U base stations under the same cooperating set can be known to each other. In the CCA area, the NR-U base stations are divided into one or more cooperating sets as shown in Fig. 1 . Based on the number NR-U base stations whose backoff time counter turns to zero simultaneously, NR-U base stations can conduct cooperative joint transmission or cooperatively reuse the channel.
If only one backoff time counter of the NR-U base stations turns to zero, the NR-U base stations will conduct the cooperative joint transmission process, in which all of the NR-U base stations in the same cooperating set will transmit the same data to the user. Obviously, in the cooperative joint transmission process, the effective capacity achieves a maximum when all of the NR-U base stations in the CCA area establish one cooperating set. But this is not allowed for many constraints. The cooperating set is established by maximizing the effective capacity under the constraints of transmit power for each NR-U base station, the backhaul capacity and the total transmit power for all of the NR-U base stations in the cooperating set. If more than one backoff time counter of the NR-U base stations turns to zero, these NR-U base stations will cooperatively reuse the unlicensed bands. Therefore, these NR-U base stations will become a cooperating set automatically. In order to improve the system performance, the method of zero forcing precoding is used to eliminate the interference and improve the data rate in this process. Fig. 2 illustrates 2 NR-U base stations and 1 WiFi node operating in unlicensed spectrum with cooperative communication. From Fig. 2 , observe that the backoff time counter of the WiFi node turns to zero first, and then the WiFi node occupies the channel to transmit its packet while the backoff time counters of NR-U base stations #1 and #2 are frozen. After the WiFi node finishes its transmission, the backoff time counter of NR-U base stations #1 and #2 are resumed. Next, the backoff time counter of NR-U base station #2 turns to zero. Then through the Xn interface, NR-U base station #2 knows that NR-U base station #1 is still in the backoff stage, at which point NR-U base station #2 will request NR-U base station #1 to help it transmit data. When the backoff time counters of NR-U base stations #1 and #2 turn to zero simultaneously, after exchanging information through the Xn interface, they will cooperatively reuse the channel together.
B. TRANSMIT RATE AND QOS ANALYSIS
Let K denote the cluster of coordinated NR-U base stations where the channel is vacant in the considered time slot. The K (K = |K|) NR-U base stations in K can be used to collaboratively serve the user, and obviously N ≥ |K|. For user served by the K NR-U base stations, the instantaneous transmit rate is
where W is the system bandwidth of the unlicensed frequency band, G k is the channel gain between the k−th NR-U base station and the user, P k is the transmit power of the k−th NR-U base station, P N is the power of the additive white Gaussian noise. The NR-U base stations can use the channel only when the channel is clear. So we ignore the interference from outside of the CCA area.
Compared to WiFi, 5G NR is more resilient to interference due to its robust physical layer design, including hybrid automatic repeat request and adaptive modulation and coding. Therefore, if the backoff timers of the L NR-U base stations with the same operator turn to zero simultaneously, then the L NR-U base stations will cooperatively reuse the channel together. Assuming one user needs to transmit data in each NR-U base station, these cooperative NR-U bases stations transmit separate signals to the users. In order to achieve a good performance, joint precoding can be used to transmit data [24] . The received signal of the j−th user can be expressed as
where x j is the signal transmitted to the j−th user with unit average power, P j is the transmit power,
is the precoding vector, n j is the additive white Gaussian noise.
The first term on the righthand side of Eq. (2) is the intended data for the j-th user and the second term represents the interference. The method of zero forcing (ZF) precoding is used to eliminate the interference. After using the beamforming technique h j w i = 0 for any i = j, then (2) becomes
As the transmit power can be different from various NR-U base stations, then (3) can be denoted as
where P nj is the transmit power from the n−th NR-U station to the j−th user. With this signal model, the SINR at the j-th user can be expressed as
where P N is the power of the additive white Gaussian noise. Then, with L NR-U base station simultaneously reuse the unlicensed spectrum, the transmit rate of user j is
In 5G wireless communication systems, mobile users are more concerned about their own service experience, such as data rate, packet delay and loss, communication reliability and service continuity. QoS becomes a more important indicator, especially for the NR-U user, while WiFi does not provide guaranteed QoS. A First-Input-First-Output (FIFO) queue is used to buffer data traffic at each NR-U base station for its associated user. In order to prevent buffer overflows and packet losses, the queue is supposed to be long enough. The QoS exponent θ k is [25] , [26] 
where Q k (t) denotes the length of the FIFO queue at time t, Q k (∞) is the steady-state queue length, Q th k is the threshold of the queue length to guarantee the QoS of the traffic, and Pr Q k (∞) > Q th k is the QoS violation probability that the queue length exceeds Q th k . Given the QoS exponent for user k, the effective capacity can be denoted as [25] 
where S k (t) denotes the number of bits which are transmitted to the user successfully during (0, t], and E (·) is the expectation operator. Assuming the data stream enters the FIFO buffer at a arrival rate of µ, the queue violation probability is QoS violation probability, which can be approximated as [25] Pr
where η is the probability of a non-empty buffer, which can be approximated by the ratio of the constant arrival rate to the average service rate [27] , and θ k is found when the maximum arrival rate is equal to the effective capacity, i.e. µ = C (θ k ).
The delay violation probability describes the probability that the delay exceeds a maximum delay bound D max , which can be expressed as [28] 
where µ is the solution to µ = C (θ k ).
III. EFFECTIVE CAPACITY OF COOPERATIVE NETWORK FOR NR-U
The effective capacity of a cooperative network for NR-U in unlicensed bands is analyzed in this section. While studying the effective capacity, the QoS exponent, instantaneous transmit rate, and the number of the NR-U base stations and WiFi nodes are taken into account. Theorem 1: Given the QoS exponent θ , the instantaneous transmission rates R n , n = 1, · · · , N (n = 1 implies that the NR-U base stations conduct cooperative joint transmission, n > 1 implies that the n NR-U base stations cooperatively reuse the unlicensed band), the number of NR-U base stations N and the number of WiFi nodes M , the effective capacity C satisfies the following equation Fig. 3 , an NR-U base station will experience (N +3) possible states. ON 1 state means a successful collision-free (re)transmission of a packet through cooperative joint transmission by K NR-U base stations; OFF 1 state includes the backoffs and collided (re)transmissions until it becomes a collision-free (re)transmission; OFF 2 state denotes the backoffs and collided (re)transmissions of a dropped packet; OFF 3 state refers to a packet that undergoes a collision-free but nevertheless unsuccessful (re)transmission by reason of the characteristics of wireless channel loss; ON 2 to ON N states represent a successful cooperative reuse (re)transmission with 2 to N NR-U base stations.
The NR-U base station transmits packets between the (N + 3) states. If an ACK is received by the NR-U base station, then it belongs to the ON state (the specific state depends on how many NR-U base stations cooperatively reuse the channel together). Otherwise, if a NACK is received, it belongs to the OFF 3 state. All the backoffs and collided (re)transmissions before a packet becomes collisionfree is the OFF 1 state. For the OFF 2 state no ACK/NACK is received. Fig. 3 also gives the transition probabilities.
The transition probability matrix of the (N + 3)-state semi-Markovian model is denoted by (12) , as shown at the top of the next page. In (12), the rows from top to bottom correspond to the OFF 1 , OFF 2 , OFF 3 and ON 1 to ON N states, respectively, which is also true for the columns of (12) from left to right.
The durations for the OFF 3 and ON 1 to ON N states are T f which is the time needed to complete transmitting a packet. The duration for state OFF 1 and OFF 2 are t 1 and
t 2 , respectively, which includes the time for backoffs and (re)transmissions. Obviously, t 1 and t 2 are random variables, which depend on the number of (re)transmissions and the backoff time counter for every collision. According to the definition of the moment generating function (MGF), the MGFs for the OFF 3 and ON 1 to ON N states can be written as M on 1 (t) = · · · = M on N (t) = M OFF 1 (t) = e tT f . Similarly, the MGFs for t 1 and t 2 are M 1 (t) =t 1 (e t ) and M 2 (t) = t 2 (e t ). Explicit expressions fort 1 (z) andt 2 (z) are provided in Appendix C. With reference to [29] , two variables, ω and κ, are established and a diagonal matrix (ω , κ) is created. The elements of (ω , κ) are the MGFs of the (N + 3)-state, which is denoted in (13) , as shown at top of this page. For convenience, in (13) the notation M on (t) is used instead of M on 1 (t), · · · , M on N (t), M OFF 1 (t). For each ω and κ, the matrix (ω , κ) = (ω , κ) P can be created, as demonstrated in (14) , as shown at the bottom of the next page.
The spectral radius of (ω , κ), expressed by ϕ(ω , κ) = ρ( (ω , κ)), is a simple eigenvalue of (ω , κ), where ρ(·) denotes the spectral radius. According to Theorem 3.1 in [29] , given ω 0, there exists a particular κ * (ω) satisfying ϕ(ω , κ * (ω)) = 1 and lim t→∞ 1 t log(E{e ωS k (t) }) = κ * (ω). Meanwhile, based on Theorem 3.2 in [29] , the effective capacity is C(θ ) = κ(ω) ω when ϕ(ω , κ(ω)) = 1 and θ = −ω. Therefore, the effective capacity C (θ ) can be calculated by solving ϕ(−θ , − θ C(θ) ) = 1 for θ > 0. Since ϕ(−θ , − θ C(θ ) ) is an eigenvalue of (−θ , − θ C(θ )), Eq. (15) can be obtained, as shown at the bottom of the next page, in which I is the identity matrix, and | .| denotes the matrix determinant.
Finally, substituting ϕ(−θ , − θ C ) = 1 into (15) , and using the method of the Laplace expansion [30] , Eq. (11) is obtained. This concludes the proof.
IV. MAXIMIZATION OF EFFECTIVE CAPACITY
Methods for maximizing the effective capacity in licensed bands have been studied. For example, in [31] , the authors studied how to improve the effective capacity of C-RAN for Nakagami-m fading channels. In this section, by using the similar optimization method in [31] , the effective capacity is maximized. Obviously, it is difficult to optimize the expression of effective capacity in Eq. (11) . So the optimization is divided into two parts. Firstly, the effective capacity is analyzed in the cooperative joint transmission process. Then we study how to maximize the effective capacity when multiple NR-U base stations cooperatively reuse the unlicensed bands.
A. EFFECTIVE CAPACITY FOR COOPERATIVE JOINT TRANSMISSION
In this subsection, the effective capacity for cooperative joint transmission is maximized. As described above, when only one backoff time counter turns to zero, cooperative joint transmission is used to increase the effective capacity. Under ideal circumstances, users can achieve higher effective capacity when more NR-U base stations participate in the transmission. However, the finite backhaul capacity affects the maximum number of NR-U base stations that can simultaneously transmit to a given UE. In other words, the limited backhaul capacity has a significant impact on the effective capacity. The goal of the optimization is to maximize the effective capacity subject to a limited backhaul capacity, the number of cooperating NR-U base stations, and the transmit power constraints.
In the cooperative joint transmission process, the central processor will share the data among the K NR-U base stations through the backhaul. The K NR-U base stations serve the user together. Therefore, the backhaul consumption is equal to the data rate of user associated with the NR-U base station, which is upper bounded byC and denoted as 
wheret 3 (·) is the PGF of t 3 . Proof: The proof is similar to the proof of Theorem 1. From  Fig. 3 , the transition probability can be written as
It is also necessary to define ω and κ and establish the diagonal matrix (ω , κ) as follows:
where
The expression oft 3 can be written as [26] 
where P lc is the collision probability of NR-U base stations. Similar to (14) , (ω , κ) can be written as
According to [29] when ϕ(ω, κ), which is the simple eigenvalue of (ω, κ), equals to one and θ = −ω, the effective capacity is C 1 = κ/ω. Therefore, the effective capacity should satisfy the following equation:
Thus, Theorem 2 is proven. After getting (22) , the effective capacity for cooperative joint transmission can be denoted as
where R 1 is the instantaneous transmit rate when K NR-U base stations transmit same data to the user, which has been given in Eq. (1), f (x) = log(t 3 (e x )) + xT f , and f −1 (x) represents the inverse function of f (x). In the cooperative joint transmission process, the K NR-U base stations transmit the same data to a user simultaneously. It is vital to select the value of K . If the value is too large, the remote NR-U base stations will consume large amounts of transmit power, but contribute little to the effective capacity. On the other hand, to guarantee fair coexistence in unlicensed spectrum, total transmit power is limited. If the transmit power is too large, it will affect other users in the CCA area, which violates the 3GPP standard. Therefore, the total transmit power is assumed to be under the constraint P sum . The maximization of the effective capacity under limited backhaul capacity can be formulated as (24) This problem can be solved by the method of Lagrange dual decompositions [32] . The dual problem of (24) can be written as
where λ is the dual Lagrange multiplier and should satisfy λ 0. The Lagrange function L(C 1 , λ) can be written as (26) According to the KKT conditions, in order to obtain the maximum effective capacity for cooperative joint transmission, the transmit power for the K NR-U base stations should satisfy
The optimal transmit power P * k for the k-th NR-U base station can be obtained by using bisection search. After obtaining the P * k , the subgradient method is used to update the value of λ. The above two processes can be repeated, and P * k and λ updated, until convergence. If the transmit power for the k-th NR-U base station is zero, then the k-th NR-U base station is not selected to be included in the process of cooperative joint transmission.
B. EFFECTIVE CAPACITY FOR COOPERATIVELY REUSE THE CHANNEL
Section IV-A studied how to maximize the effective capacity for the cooperative joint transmission process. This section considers how to maximize the effective capacity when multiple NR-U base stations cooperatively reuse the channel. On this occasion, the ON state in Fig. 4 refers to the ON L state in the (N + 3)-state semi-Markovian model, where L NR-U base stations cooperatively reuse the channel.
Based on Theorem 2 and Eq. (23), when L NR-U base stations cooperatively reuse the channel, the effective capacity of user j can be donated as
where f (x) = log(t 3 (e x )) + xT f . When NR-U base station cooperatively reuse the channel, the NR-U base stations also need to share the data to conduct the ZF precoding through the backhaul. Therefore, the backhaul consumption of the n−th NR-U base station is the accumulated data streams transmitted to the L users which is upper bounded byC and denoted as
where P nj is the transmit power from the n−th NR-U base station to the j−th user.
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The objective of the optimization is to maximize the effective capacity of the L NR-U users. So the problem can be formulated as
P nj is the sum transmit power from the n−th NR-U base station to L users which is under the limitation of P max .
The optimal solution for (30) is similar with the method in Section IV-A. The Lagrange function L(C j , λ, µ) can be written as
Then according to the KKT conditions, the optimal transmit power from the n−th NR-U base station to the j−th user P nj should satisfy
Similarly, the optimal transmit power from the n−th NR-U base station to the j−th user P * nj can be obtained by using bisection search, then the value of λ and µ can be updated through the subgradient method. Repeat the above two process and update the value of P * nj , λ n and µ until convergence.
V. NUMERICAL RESULTS
Simulation results on the effective capacity of NR-U for cooperative networking in the unlicensed band are given in this section. Monte Carlo simulations are used to validate the accuracy of the theoretical analysis. In our simulations, the LAA-BSs and WiFi nodes are randomly and uniformly distributed within an area of 500 × 500 m 2 . The CCA area is assumed to be the simulated area. It is assumed that there is only one user randomly distributed in the area of each NR-U base station. The channels between the NR-U base stations and the users are generated through the ITU Urban Micro (UMi) model. According to 3GPP [23] , the contention window size for FCW and the initial contention window size for VCW are both set to 16. The initial contention window size for WiFi is set to 32, and V L = V W = 6. The duration of CCA and DIFS are 34 µs and 50 µs, respectively. The duration for every (re)transmission of NR-U and WiFi is 1 ms, while the durations of an idle time slot are 10 µs and 20 µs for NR-U and WiFi respectively. The power of the additive white Gaussian noise is -174 dBm/Hz. The maximum transmit power for each NR-U base station is 23 dBm and the bandwidth is W = 5 MHz.
A. COLLISION PROBABILITY ANALYSIS
The collision probabilities between basic LBT applied in 3GPP and cooperative LBT are compared in Fig. 5 . VCW is selected in Fig. 5 due to its good flexibility compared to FCW. Observe from Fig. 5 that as the number of WiFi nodes grows, the collision probabilities for basic LBT and cooperative LBT both increase for fixed N . But the results show that the proposed new LBT protocol can significantly reduce the collision probability. For example, when N = 5 and M = 10, the collision probabilities of the NR-U base stations are reduced from 0.4928 to 0.1632. Moreover, as the number of NR-U base stations is increased, the collision probabilities for basic LBT is increased, while for cooperative LBT it is reduced. This means that our proposed cooperative LBT is more suitable to the ultra dense deployment scenarios of 5G NR networks. The reason is that although there exist more NR-U base stations in the CCA area, the effective cooperation among the NR-U base stations gives them more opportunities to access the shared channel than WiFi, and the reuse ratio of the unlicensed spectrum is enhanced.
B. EFFECTIVE CAPACITY AND DELAY VIOLATION PROBABILITY ANALYSIS Fig. 6 shows simulation results on the effective capacity of cooperative networking for different number of NR-U base stations, for M = 5. The simulation results closely match the theoretical results no matter θ = 10 −6 or θ = 10 −4 , which validates the accuracy of our theoretical analysis. Observe from Fig. 6 that as the number of NR-U base station increases, the effective capacity decreases for both FCW and VCW. The reason for this phenomena is obvious. Increasing the number of NR-U base stations leads to an increase of the probability to reuse the unlicensed bands, which causes a drop in the effective capacity for each NR-U base station. When θ = 10 −6 and the number of NR-U base stations is small, FCW can achieve superior performance. When there are few NR-U base stations, the probability of collision is low, and FCW has the advantage of a small contention window size. Therefore, FCW can access the channel more readily which leads to an improvement in the effective capacity. Fig. 6 also shows that, compared to VCW, the effective capacity of FCW is more influenced by the number of NR-U base stations. This is because VCW can increase the contention window size to reduce the collision probability that is caused by an increase in the number of NR-U base stations, while FCW cannot. The effective capacities with cooperative communication are compared to the effective capacities without cooperative communication for VCW in Fig. 7 . Observe that the effective capacity with cooperation is significantly improved compared to effective capacity without cooperation. As the number of NR-U base stations increases, the performance improvement is more obvious. For example, when N = 6, M = 5 and θ = 10 −6 , the effective capacity increases from 1.138 × Observe that VCW is more sensitive to the QoS exponent, and especially when the QoS is stringent the effective capacity of VCW is worse than FCW. The reason is that in order to guarantee the friendly and harmonious coexistence between NR-U and WiFi, the VCW will exponentially increase the contention window size, which goes against the QoS requirement and which in turn reduces the effective capacity.
In Fig. 9 , the delay violation probabilities with different QoS exponents are provided. The maximum delay bounds D max are set as 0.2 s, 0.1 s and 0.05 s. From Fig. 9 , we can observe that the delay violation probabilities decline sharply with an increase in the QoS exponent. For example, when D max = 200 ms, the delay violation probability decreases from 0.175 to 1.082×10 −7 when the QoS exponent increases from 2.512 × 10 −6 to 2.512 × 10 −5 . This is because, a higher QoS exponent has an extremely tight delay requirement. Therefore, the delay violation probability can be especially low. As can be seen from the three curves, the higher delay bound has a lower delay violation probability, which squares with the fact.
C. MAXIMIZATION OF EFFECTIVE CAPACITY WITH LIMITED BACKHAUL
The effects of limited backhaul and total transmit power on the effective capacity of VCW are shown in Fig. 10 , where M = 5, θ = 10 −6 and N = 20. Obviously, the effective capacity increases with an increase of the backhaul capacity and total transmit power until it reaches the value with unlimited backhaul capacity and total transmit power. It is observed from the figure that when the backhaul capacity is small, increasing the backhaul capacity has an obvious effect on the effective capacity. However, when the backhaul capacity is large, the backhaul capacity will not affect the effective capacity and the total transmit power becomes the main factor. observe that when the total transmit power is large, to increase the effective capacity, all of the NR-U base stations participate in the cooperative joint transmission process. Observe also that, when the total transmit power is not too large, with the increase of backhaul capacity, the number of NR-U base stations first decreases, then it turns to be a constant. The reason is that when the backhaul capacity is small, the transmit data is limited by the backhaul capacity. To improve the effective capacity, many NR-U base stations can participate the cooperative joint transmission. As the backhaul capacity increases, the transmit power for each NR-U base station increases, and under the constraint of total transmit power, the number of NR-U base stations decreases until it becomes a constant. Fig. 10 and Fig. 11 can give some insights about how to establish cooperating set under limited backhaul, transmit power of each NR-U base station and total transmit power.
VI. CONCLUSIONS
In this paper, a new LBT protocol, referred to as cooperative LBT, is designed. Based on the new protocol, a (N + 3)-state semi-Markovian model is established to characterize the effective capacity of NR-U with cooperative communication in unlicensed bands. An expression for the effective capacity is derived, which is affected by QoS, instantaneous transmit rate, the number of WiFi nodes and the number of NR-U base stations. The influence of a finite backhaul capacity on the effective capacity of cooperative joint transmission is also analyzed in this paper. Monte Carlo simulation is used to validate our analysis. Simulation results show that the usage of cooperative communication can reduce the collision probabilities from 0.4928 to 0.1632, and increase the effective capacities by 220.04%.
APPENDIX A
Under the circumstances of FCW, the transmission probability of a NR-U base station is [33] 
where CW 0 in the contention window size for FCW. For VCW, the transmission probability is [34] 
where λ i is the mean backoff duration of the i-th attempt for a packet in the NR-U base station and P lc is the collision probability for a NR-U base station. Because of the similarity between VCW and DCF, the transmission probability of a WiFi node has a similar expression to (34), viz. [33] 
where γ j is the mean backoff duration for the j-th attempt for a packet in a WiFi node, V W denotes the maximum number of retransmissions, and P wc is the collision probability of a WiFi node. After getting the expressions for P lt and P wt , the collision probability for a NR-U base station is the probability that at least one of the remaining M WiFi nodes and (N − 1) NR-U base stations transmit packets, which can be written as follows:
Similarly, the collision probability for a WiFi node is the probability that at least one of the remaining (M − 1) WiFi nodes and N NR-U base stations transmit a packet, which can be expressed as
The quantities P lt , P wt , P lc and P wc can be acquired by combining (33) , (34) , (35), (36) and (37).
After introducing cooperative communication, while the collision probability of the WiFi nodes remains the same, the simultaneous transmission between NR-U base stations will not cause collisions. In this case, the collision probability for an NR-U base station is the probability that at least one of the M WiFi nodes transmits a packet, given by
The OFF 1 -state to the ON 1 -state transition probability is the probability that only the NR-U base station#1 backoff time counter turns to zero, so p s, 1 is
where ε is the packet error rate, and P lt is the transmission probability of a NR-U base station.
Then, the probability p s, n , that the backoff time counters of n NR-U base stations turn to zero simultaneously and the NR-U base stations transmit the packet successfully by cooperative reuse is
The probability of unsuccessful packet (re)transmission is
APPENDIX C
Through the law of total expectation,t 1 (z) can be written aŝ
where j is the number of collisions for each transmitted packet; E j {·} calculates the expectation when j V L − 1; t
1 represents the j collided (re)transmissions and can be denoted by
where T c denotes the duration of a collided (re)transmission, I j is the number of timeslots needed to reply to the j collisions, and δ g is the duration of the g−th timeslot, where g = 1, · · · I j . I j can be written as
where η b is the number of timeslots needed to reply to the b−th collided (re)transmission. Therefore, the PGF of I j iŝ
For FCW, η b is evenly distributed on the interval [0, CW 0 − 1] and, therefore,η b iŝ
For VCW, η b is evenly distributed on the interval [0, 2 b CW 0 − 1] and, therefore,η b iŝ
Note that δ g is independent and identically distributed, and I g is an independent, discrete random variable with nonnegative integer values. Now ignore the subscript g . By the law of total expectation, the PGF of
whereδ(z) is the PGF of δ, which will be given in Appendix D. Substituting (43), (44) and (48) 
where P JT has been given in Appendix A. When the packet is still not delivered successfully after V L retransmissions, the packet will be dropped. Thus, t 2 is given by
As a result,t 2 can be written aŝ
APPENDIX D Let δ represent the duration of a timeslot which includes five values, the duration of an idle slot, the duration of a collision between WiFi nodes, the duration of a successful transmission of a WiFi node, the duration of successful transmission with other NR-U base stations, and the duration of a collision between a WiFi node and other NR-U base stations. These five values can be denoted by T idle , T wc , T ws , T f and T wl , respectively. The probability mass function of δ, expressed by f (δ), is given by (52), as shown at the top of this page, in which the transmission and collision probabilities of the NR-U base station and WiFi nodes, denoted by P lt , P wt , P lc and P wc , have been given in Appendix A. After getting (52), the PGF and average of δ can be denoted bŷ 
